ABSTRACT: This study aimed to determine the extent to which changes over 2.5 years in medial knee cartilage thickness and volume were predicted by: (1) Peak values of the knee adduction (KAM) and flexion moments; and (2) KAM impulse and loading frequency, representing cumulative load, after controlling for age, sex and body mass index (BMI). Adults with clinical knee osteoarthritis participated. At baseline and approximately 2.5 years follow-up, cartilage thickness and volume of the medial tibia and femur were segmented from magnetic resonance imaging scans. Gait kinematics and kinetics, and daily knee loading frequency were also collected at baseline. Multiple linear regressions predicted changes in cartilage morphology from baseline gait mechanics. Data were collected from 52 participants (41 women) [age 61.0 (6.9) y; BMI 28.5 (5.7) kg/m 2 ] over 2.56 (0.51) years. There were significant KAM peak-by-BMI (p ¼ 0.023) and KAM impulse-by-BMI (p ¼ 0.034) interactions, which revealed that larger joint loads in those with higher BMIs were associated with greater loss of medial tibial cartilage volume. In conclusion, with adjustments for age, sex, and cartilage measurement at baseline, large magnitude KAM peak and KAM impulse each interacted with BMI to predict loss of cartilage volume of the medial tibia over 2.5 years among individuals with knee osteoarthritis. These data suggest that, in clinical knee osteoarthritis, exposure to large KAMs may be detrimental to cartilage in those with larger BMIs. ß
Mechanical loading is implicated in worsening structural or tissue damage inside the knee. Osteoarthritis (OA) is a complex disease that involves degradation of joint structure, symptoms including pain, and mobility limitations; each element reflects different disease processes. 1 "Progression" in this study was characterized as cartilage loss, a hallmark feature of knee OA. Cartilage loss (or its surrogate of joint space narrowing) sometimes relates with pain and contributes to joint malalignment that may require joint replacement. 2 Cartilage loss is also linked with the knee adduction moment (KAM). The KAM reflects the distribution of load between medial and lateral knee compartments. 3 The KAM peak predicted progression of knee OA at 6-year follow-up on X-ray. 4 In magnetic resonance imaging (MRI) studies of knee OA, a higher KAM peak at baseline predicted greater loss of medial knee cartilage thickness, but not volume, over 2-5 years 5, 6 ; while a higher KAM impulse at baseline predicted larger reductions in medial knee cartilage volume and thickness over 1 and 2 years, respectively. 5, 7 It is important to note the strength of these relationships was weak. A KAM impulse greater by 1.0 percent body weight Â height Â seconds (%BW Â HT Â s) was associated with a 2-year reduction of only 3.38% in medial tibial cartilage thickness, after adjusting for covariates, in 385 knees with radiographic OA (n ¼ 203). 5 Mechanics other than the KAM may also contribute to knee OA progression, notably the knee flexion moment (KFM) 6, 8 and knee loading frequency. [9] [10] [11] [12] The KFM may be involved in OA progression; though there is a lack of consensus in the literature. 5, 8 Greater KFM peak at baseline was associated with reduced tibial medial-to-lateral cartilage thickness ratio, and with medial tibial cartilage thickness loss over 5 years in 16 participants. 6 In contrast, the KFM peak at baseline was not related with changes in medial tibial or femoral cartilage thickness over 2 years in 385 knees. 5 Since the role of the KFM in predicting cartilage breakdown remains unclear, further investigation is warranted.
Assessing knee loading frequency in conjunction with measures of joint loading magnitude and duration may improve our understanding of the association between mechanics and knee OA progression. The KAM and KFM peaks do not reflect the accumulated load applied to knee tissues during daily activity. Cartilage response to mechanical loading depends not only on load magnitude and duration, but also load frequency. 13, 14 Some evidence supports a doseresponse, curvilinear relationship between loading frequency and the incidence and progression of knee OA. [9] [10] [11] In 405 community-dwelling older adults, greater steps/day (>10,000) increased cartilage volume loss over 2.7 years in those with low cartilage volume at baseline. 12 Conversely, no association was found between loading frequency and knee cartilage loss over 2 years in 779 knees with mild radiographic OA. 15 Loading frequency alone may not provide a comprehensive picture of the mechanical elements linked to cartilage breakdown. "Cumulative knee adductor load" incorporates the magnitude and duration of load (i.e., KAM impulse) as well as loading frequency (i.e., #steps/day). This concept may better reflect a mechanism of joint breakdown from overall accumulated exposure to medial knee loads. 16 Cumulative load was greater in individuals with knee OA compared to their healthy counterparts, and performed better than the KAM peak at distinguishing between groups. 17 The total accumulated load on joint tissues is also reflected in obesity, often characterized by a body mass index (BMI) !30 kg/m 2 . Obesity represents excessive body mass and is a wellestablished modifiable risk factor for knee OA. 18 While the association between higher BMI and tissue breakdown can be attributed to a greater total accumulation of load, other factors such as altered loading patterns, 19 increased compressive and shear contact forces and dynamic loads during gait, [20] [21] [22] and reduced tissue tolerance due to exposure to inflammation 23, 24 are likely also involved. To-date, no study has assessed whether cumulative load is valuable in understanding cartilage loss over time in knee OA.
The purpose of this study was to determine the extent to which changes over 2.5 years in medial knee cartilage thickness and volume in individuals with clinical knee OA could be predicted by: (1) KAM peak and KFM peak; and (2) KAM impulse and loading frequency (representing cumulative load exposure) after adjusting for age, sex, BMI, and baseline cartilage measurement. Based on previous literature, [5] [6] [7] it was hypothesized that a higher KAM peak at baseline would be associated with reduced cartilage thickness but not volume. In light of conflicting findings in the literature regarding the KFM, 5, 6 we anticipated that studies utilizing the largest samples reflected the true association between variables. It was hypothesized that the KFM peak at baseline would not be predictive of cartilage morphology changes. Finally, it was hypothesized that a higher KAM impulse would be related with reduced cartilage thickness and volume, whereas loading frequency would be associated with reduced cartilage volume.
METHODS
This longitudinal, observational study was approved by the Hamilton Integrated Research Ethics Board at McMaster University, Canada (prospective cohort study; level of evidence II). We previously reported on cross-sectional relationships using baseline data from the same cohort. 25 Participants A sample of consecutive individuals fulfilling the eligibility criteria were recruited from local rheumatology and orthopaedic surgery offices. Inclusion criteria included being 40-70 years old and diagnosed with clinical knee OA according to the American College of Rheumatology specifications. 26 Exclusion criteria included other types of arthritis; prior lower-limb joint injury/surgery; ipsilateral hip or ankle conditions; habitual use of an adaptive walking aid; lower-limb trauma or use of intraarticular therapies within the past 3 months; or contraindication to MRI. In total, 64 participants satisfied the inclusion/exclusion criteria and were enrolled. Participants provided written, informed consent.
Descriptives recorded at baseline included the Knee Injury and Osteoarthritis Outcome Score (KOOS), 27 which produces reliable and valid data in knee OA. 28 Baseline Kellgren-Lawrence (K-L) scores were determined from coronal weight-bearing knee radiographs acquired in a standardized fixed-flexion position using a Synaflexer TM (Acrylic Art, Inc., Emeryville, CA). Each digital radiograph was assessed by an experienced radiologist (ST) to yield a K-L score. 29 
Cartilage Morphology
At baseline and approximately 2.5 years follow-up, participants underwent MRI of the study knee. To minimize diurnal variations in measurements of cartilage morphology, participants were scanned in the morning and instructed to abstain from weight-bearing activity prior to the MRI acquisitions. However, there were eight instances across baseline and follow-up where imaging was scheduled later in the day to accommodate participant availability. The MRI scans were acquired with the same 1.0 Tesla peripheral MRI scanner (ONI Medical Systems, Inc., Wilmington, MA) using a coronal T1-weighted fat-saturated spoiled gradient recalled acquisition in the steady-state (SPGR), and the following parameters: Repetition time (TR) 60 ms; echo time (TE) 12.4 ms (or minimum); flip angle 40˚; bandwidth 30 kHz; matrix 512 Â 256 (frequency Â phase); 1 excitation; field of view 150 mm; slice thickness 1.5 mm; and 56-64 partitions. Cartilage from the medial tibia and femur were segmented from the MRI scans using a highly automated protocol based on eight atlases (Qmetrics, Rochester, NY). 30 An experienced radiologist (ST) reviewed all segmentations for quality assurance. Test-retest precision errors (coefficients of variation) for cartilage measures obtained with a 1.0 Tesla scanner were as follows: Medial tibia (volume 3.6%; thickness 2.9%) and central medial femur (volume 5.5%; thickness 4.1%). 31 No statistical differences were found between the precision of cartilage thickness or volume from 1.0 Tesla and 1.5 Tesla MRI scanners. 31 The following cartilage measures were calculated for each of the medial tibia and femur: Volume (mm 3 ), mean thickness (mm), and 5th percentile thickness (mm) (i.e., thinnest region). Change in each measure was calculated as the mean value at follow-up minus the mean value at baseline, divided by the number of days between time points.
Biomechanical Assessment Within 1 week of baseline MRI, motion analyses were performed. Participant setup, instrumentation, and gait analysis protocol have been described previously. 25 Briefly, three-dimensional kinematics and kinetics were collected during barefoot walking trials at a self-selected pace for five successful trials.
Gait data were processed using commercial software (Visual 3D, C-Motion, Inc., Germantown, MD). Marker and force plate data were filtered using a second-order low-pass CARTILAGE VOLUME LOSS IN OSTEOARTHRITIS Butterworth bidirectional filter with 6 Hz cut-off. External knee moments were calculated in a three-dimensional floating axis coordinate system. 32 The KAM peak, KFM peak, and KAM impulse during stance were determined for five gait cycles, then averaged. The KAM impulse was calculated using trapezoidal integration (Version 7.0.1, Matlab, MathWorks Inc., Natick, MA). Only positive values from stance were integrated (i.e., adduction) to represent loading experienced by the medial knee. The KAM and KFM peaks were normalized to body mass (Nm/kg); KAM impulse was expressed in non-normalized units (Nm Á s). Non-normalized KAM impulse and KAM impulse normalized to %BW Â HT are strongly correlated and yield similar patterns in sensitivity analyses. 5 
Loading Frequency
Loading frequency was the average number of steps taken daily by the study leg over 5 days. At baseline, participants wore an accelerometer (GT3Xþ, ActiGraph Corp., Pensacola, FL) for 7 consecutive days during waking hours, except for water activities. The accelerometer, attached to an adjustable belt, was worn around the waist and aligned with the anterolateral aspect of the study leg. Wear time and number of steps per day were calculated (ActiLife 6, ActiGraph Corp.) and subjectively corroborated with activity logbooks. Days with wear time !10 h were retained for further analysis. 33 The number of steps/day for 5 full days (selected chronologically) was averaged, then divided by two to reflect loading frequency of only the study knee.
Statistical Analysis
Descriptive statistics were calculated. Each baseline and follow-up measure of cartilage morphology was compared with two-tailed paired t-tests. We constructed linear regression models that expressed the relationship between knee mechanics and changes in medial knee cartilage morphology over 2.5 years. Six measures of normalized change in medial knee cartilage morphology over 2.5 years were dependent variables: Volume, mean thickness, and 5th percentile thickness for each of the tibia and femur. Two combinations (models) of independent variables were investigated for each dependent variable. Model 1 included KAM and KFM peaks at baseline as independent variables, reflecting a theoretical model based on peak knee moments during gait. Model 2 comprised the KAM impulse and knee loading frequency at baseline as independent variables, reflecting the concept of cumulative load. Each of these two models was created in two steps. In the first step, the covariates age, sex, BMI, and cartilage measurement at baseline were simultaneously entered in each model. Evidence suggests that older age, female sex and higher BMI are associated with cartilage loss. 34, 35 In the second step, the independent variables were entered collectively and separately with interaction terms between predictors and BMI in all models (and an additional interaction term in model 2 between KAM impulse and loading frequency to reflect cumulative load) to examine the extent to which they explained variance in the dependent variable over and above the covariates. BMI was the only covariate for which we examined the interaction terms with predictors because this is the only modifiable covariate. 18 Non-significant interaction terms were removed.
Regression diagnostics were performed to identify potential outliers. Leverage versus normalized residuals squared plots were utilized to examine the overall influence of observations. The data were tested for homoscedasticity, multicollinearity, and linearity to ensure the appropriateness of the linear regression analyses. All tests were two-tailed and significance was set at p < 0.05. Analyses were performed using Stata (Version 13.1, StataCorp LP, College Station, TX).
RESULTS
From the 64 participants who enrolled, 53 completed the follow-up visit. Reasons for not completing included unrelated injury (n ¼ 1), medical issues (n ¼ 2), personal issues (n ¼ 2), study commitment (n ¼ 3), or unreachable (n ¼ 3). Data from one participant were excluded due to MRI motion artifact. The final sample used for analysis (n ¼ 52) ( 9%) . In addition to presenting with clinical symptoms, >95% of participants had radiographic knee OA (K-L ! 2). Of these participants, 48 had medial dominant OA and two had lateral dominant OA. Non-completers were not different from the remaining sample in baseline descriptives (p > 0.05). However, there was a strong suggestion of worse knee pain amongst non-completers (betweengroup difference of 11 points; p ¼ 0.06).
The mean (standard deviation) follow-up time was 2.56 (0.51) years, over which the mean medial tibial cartilage volume was reduced by 6.4 (11.6)% (p < 0.001) and the mean 5th percentile of femoral thickness was reduced by 3. Our regression analyses focused on medial tibial cartilage volume because, of the two dependent variables that changed significantly over 2.5 years, only this one displayed a change larger than the precision error of the measurement. For this dependent variable, regression diagnostics revealed three outliers with high residuals (values exceeding AE2.25) that were not clustered together. Data from these persons were removed. Thus, the final analyses were performed on n ¼ 49. Robust error estimates were used owing to heterogeneity of residuals. To satisfy the assumption of noncollinearity, data were centered for independent variables that displayed large variance inflation factors (>10), by subtracting the means from the respective terms of interest. Significant results are summarized in Table 2 . The enhanced model including the KAM peak displayed a KAM peak-by-BMI interaction (p ¼ 0.023), and increase in R 2 to 0.59 (95% CL: 0.36, 0.69; p < 0.001) compared to the covariate model. Neither the simultaneous addition of the KAM peak, KFM Steps/day reflects loading frequency for the study leg only. The addition of the KAM impulse and loading frequency, separately or collectively, and of interaction terms, did not increase the ability of the models to predict change in any other dependent variable beyond covariates (p > 0.05).
To provide a two-dimensional graphical illustration of the KAM-by-BMI interactions, we performed a secondary analysis that dichotomized BMI at 30.0 kg/m 2 ( Fig. 1) . These analyses included the same aforementioned covariates. In these secondary analyses, the interactions remained significant between KAM peak and BMI (F(1,45) ¼ 21.48, p < 0.001) and between KAM impulse and BMI (F(1,45) ¼ 26.68, p< 0.001). Over 2.5 years, mean medial tibial cartilage volume was reduced by 3.4 (6.0)% for normal/overweight participants (p ¼ 0.026) and 14.1 (11.6)% for obese participants (p < 0.001).
DISCUSSION
Greater KAM peak and KAM impulse during gait were each associated with 2.5-year reductions in cartilage volume of the medial tibia in obese individuals with clinical knee OA. In normal weight and overweight individuals (i.e., BMI 18.5-29.9 kg/m 2 ), the KAM was of little importance in predicting medial tibial cartilage volume change. Reducing body mass for obese individuals may modulate the deleterious effects of knee mechanics on knee OA progression.
The interactions of the KAM peak and KAM impulse with BMI as predictors of change in medial tibial cartilage volume over 2.5 years were striking. In our sample, the magnitudes of the KAM peak [0.36 (0.18) Nm/kg; or 2.27 (1.14) %BW Â HT)] and KAM impulse [9.86 (7.25) Nm Á s; or 0.80 (0.53) %BW Â HT Â s] were within the range of previously reported values from large cohort studies [KAM peak range: 1.7-5.3 %BW Â HT 4, 5, 7, 8, 36 ; KAM impulse range: 0.60-1.58 %BW Â HT Â s 5, 7, 36 ]. To the best of our knowledge, no previous study examined the effect of interactions between these predictors on outcomes. In knee OA, the effect of the KAM on cartilage change depends on BMI. The negative beta coefficients for the KAM-by-BMI interactions imply that the higher the KAM, the greater the effect of BMI on cartilage volume loss.
Consistent evidence supports the detrimental relationships between obesity and cartilage defects. 37 However, the relationship between obesity and changes in knee cartilage morphology is more obscure. 37 Obesity increases dynamic knee loads during gait. 20, 21 Excessive body mass contributed to increased compressive mechanical loads as well as altered movement and loading patterns at the knee. 19 Further, higher BMI was associated with greater knee shear and compressive peak force estimates during gait in radiographic knee OA. 22, 38 Obesity was also associated with prolonged activation of quadriceps and gastrocnemii during stance, a feature thought to prolong joint contact loading. 39 Interestingly, obesity eliminated the positive relationship between knee cartilage thickness and the KAM peak during gait in healthy individuals. 40 A cross-sectional investigation of 40 individuals with mild-to-moderate clinical knee OA showed that the KAM and BMI better explained the variability in structural disease severity than either factor alone. 41 Obesity-related metabolic factors also contribute to OA. Adipokines are elevated in obesity and related to reduced knee cartilage volume, independent of BMI. 23, 24 A combination of mechanics and metabolic factors likely contribute to obesityrelated OA progression.
Previous work implicated the KAM in knee cartilage degradation. Cartilage volume is achieved by integration of all voxels attributed to cartilage. In the present study, mean medial tibial cartilage volume for the whole sample was reduced by 6.4 (11.6)% over 2.5 years (p < 0.001); obese participants experienced a greater loss of 14.1 (11.6)% (p < 0.001). This change was greater than the precision error for volume measures at the medial tibia (3.6%). Assuming a linear relationship between cartilage loss and time based on findings from Wluka et al. 42 participants lost on average 2.5% of cartilage volume annually. This magnitude of volume change falls within the range of previously reported values. For instance, medial tibial cartilage volume was lost at an average annual rate of 4.7 (6.5)% over 2 years (n ¼ 123) 43 and 3.7 (4.7)% over 4.5 years (n ¼ 78) 42 in knee OA. Conversely, others have reported little to no changes over 1-3 years. 44, 45 Discrepancies across studies are likely due to heterogeneity of structural severity and other participant characteristics (i.e., age, sex, BMI, pain). Higher baseline KAM impulse (but not peak) during gait predicted greater reductions in medial tibial cartilage volume over 1 year in clinical and radiographic knee OA. 7 In comparison to volume, mean cartilage thickness measures may or may not include denuded areas, depending on the segmentation protocol. 46 Cartilage thickness measurements adjust for subchondral bone area and do not include osteophyte cartilage. In contrast to some reports, 5, 6 the present study found no association of the KAM peak or impulse with changes in medial tibial or femoral cartilage thickness. No mean change in femoral cartilage mean thickness was seen across all K-L subgroups. Conversely, mean medial tibial cartilage mean thickness loss over 2.5 years was observed for subgroups K-L ¼ 2 and K-L ¼ 4, but not K-L ¼ 3. A lack of mean change in cartilage mean thickness in the K-L ¼ 3 subgroup ($1/3 of the sample) likely contributed to detecting no change in the whole sample. Further, use of mean thickness across the articular surface likely washed out regional variations in cartilage thickness, which may be related to loading patterns during gait. 47 A loss of 3.8% was observed over 2.5 years in the mean 5th percentile of femoral cartilage thickness. This measure, which represents the average thickness of the thinnest region of cartilage, likely equates with other categorizations of cartilage defects. 7 In crosssectional analyses on the same sample at baseline, the KAM peak was inversely related with the mean 5th percentile of femoral cartilage thickness. 25 Yet, in the current longitudinal analysis, no association was found between the KAM and change in mean 5th percentile of femoral cartilage thickness over 2.5 years. Previous reports demonstrated that the KAM peak was most related to cartilage changes in the medial central region of the femur, 5, 6 which is subject to greatest loss of cartilage in knee OA. 48 It may be that, over this time, relatively little change occurred in the 5th percentile of femoral cartilage thickness. This point reflects that the amount of change observed was similar to the precision error of cartilage thickness measurements at the femur. 31 It should be noted that this measure does not capture changes in the width of a cartilage defect. Therefore, enlargements of cartilage defects signaling OA progression would not be reflected in the 5th percentile thickness. Previous studies showed relatively weak relationships between the KAM and subsequent cartilage loss. [5] [6] [7] We use data from the largest published sample and relatively long follow-up period to illustrate this point. 5 The mean (standard deviation) baseline KAM impulse was 0.60 (0.44) %BW Â HT Â s. A KAM impulse larger by 1.0 %BW Â HT Â s was associated with a reduction of only 3.38% in medial tibial cartilage thickness over 2 years in knee OA, after adjusting for various covariates. 5 Given the mean KAM impulse for the sample, a one-unit difference in the KAM impulse is very large.
The notion that the KFM peak during gait plays an important role in disease progression has gained popularity, though longitudinal evidence supporting this hypothesis is inconsistent. The KFM is thought to work alongside the KAM to modulate the loading environment at the knee 6, 49, 50 : A reduction in KAM does not guarantee an equivalent decrease in medial knee contact force probably due to a concurrent increase in KFM. 49 In previous work, greater baseline KFM peak during gait was associated with reduced medial tibial cartilage thickness and medial-to-lateral tibial cartilage thickness ratio over 5 years (n ¼ 16). 6 In contrast, in the current study, and among 385 knees over 2 years, 5 the KFM peak alone was not associated with changes in cartilage morphology. The interplay between the KAM and KFM on the loading environment may depend on OA severity. 8 The influence of the KFM may be greater in early disease when symptoms are less severe. 8 More than half (56.3%) the sample in the work by Chehab et al. 6 had mild disease (K-L 2), whereas the majority (61.5%) of the current sample had more advanced disease (K-L ! 3). Consequently, the differences in disease severity between samples may partly explain why the KFM was associated with cartilage loss in the study by Chehab et al. 6 but not in the current investigation.
Cartilage response is theoretically influenced by loading frequency. 13, 14 The present study was the first to incorporate loading frequency with external knee loads to explore the association between the KAM and cartilage loss. Contrary to our hypothesis, higher loading frequency did not predict cartilage loss in the medial knee. Similarly, no association was noted between loading frequency and cartilage loss in 779 knees (K-L 2) from older adults over 2 years. 15 In contrast, in 405 older community-dwelling adults, high CARTILAGE VOLUME LOSS IN OSTEOARTHRITIS loading frequency (>10,000 steps/day) was protective against cartilage volume loss in individuals with more baseline volume, but deleterious in those with low baseline volume over 2.7 years. 12 The samples from the current study [3,893 (1,938) steps/day for the study leg; or 7,786 (3,876) steps/day for both legs] and Oeistad et al. 15 [7,185 (2,565 ) steps/day] had lower activity levels compared to the sample where an association was observed between activity and cartilage loss [8,895 (3,345 ) steps/day]. 12 Participants in this study may not have been active enough to induce further cartilage loss.
This study was not without limitations. While the analyses performed were sufficiently statistically powered, a larger sample would have allowed adjustments for additional covariates. Our sample comprised mostly older, overweight women; thus, generalisability to other populations is unknown. Large individual variability in change in cartilage measures may have limited the ability to detect mean cartilage loss over time. Accelerometry data were not adjusted for variability in physical activity habits associated with different days of the week or seasons.
In conclusion, BMI interacts with the KAM to predict cartilage volume loss in the medial tibia over time in individuals with clinical knee OA. Among obese participants, large magnitude KAM peak and KAM impulse at baseline predicted cartilage volume loss over 2.5 years; whereas KAM was of little importance in predicting cartilage volume loss in individuals with a healthy/overweight BMI. The KFM peak and loading frequency at baseline did not predict change in medial knee cartilage morphology. Treatment strategies should aim to shift BMI from obesity to normal/overweight categories to curb structural disease progression associated with mechanical loading.
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